During the last two decades, researchers attempting to identify new human retroviruses have repeatedly detected retrovirus-like particles in several human tissues and cell lines (for a review, see reference 36) . Particles have most commonly been reported in normal placentas, both malignant and nonmalignant breast samples, germ cell tumors, and cell lines derived from these tissues (7, 18, 23) . The particles resemble retroviral virions, as determined by physical and morphological properties, biochemical assays for reverse transcriptase activity, and immunological crossreactivity with antigens of known infectious retroviruses (36) . These virion-like structures appear distinct from known human retroviruses, but attempts to isolate new infectious viruses from these tissues have not been successful.
Characterization of the human genome at the molecular level has revealed that it contains several families of DNA sequence elements that have homology with infectious retroviruses. Because these elements are a normal, inherited constituent of the genome, they are referred to as human endogenous retroviral sequences (HERV). Most HERV families consist of 10 to 50 members dispersed throughout the genome, although some single-copy elements and larger families have been reported (for reviews, see references 20 and 21). Sequence homologies in the pol-related region of HERVs have been used to divide the different families into two classes: class I HERV, containing Moloney murine leukemia virus (MLV)-related pol sequences; and class II HERV, which contain mouse mammary tumor virus-related pol sequences (3) . Many HERV families are transcribed in a variety of tissues and cell lines, including some that contain retrovirus-like particles. Although the majority of HERV sequences appear to be disrupted by mutations, several (20, 21) . Thus, in the absence of identifiable exogenous retroviruses, HERV represent a likely source for the retrovirus-like particles detected in human tissues.
We have been investigating a family of class I HERV, termed RTVL-H, in an effort to better understand the significance of such sequences to their host. The haploid human genome contains approximately 1,000 RTVL-H elements dispersed throughout it (12, 26 ). The prototypic RTVL-H element is 5.8 kb in size and is bounded by 450-bp-long terminal repeats (LTRs). The elements contain regions of sequence homology with the gag andpol genes of human T-lymphotrophic virus type I and MLV, respectively. However, previously characterized elements are interrupted by numerous mutations that would prevent them from expressing homologous proteins (25, 37) . Despite these mutations, some RTVL-H sequences retain functional transcriptional regulatory sequences within their LTRs (9, 24) . In fact, RTVL-H LTRs appear to play a functional role in either the transcription initiation or polyadenylation of at least two cellular genes (10, 14) . In addition, the LTRs direct expression of unit-length RTVL-H RNAs transcribed in several cell lines as well as in amnion and chorion from term placentas (37) .
The large number of RTVL-H elements present within the genome prompted us to investigate the possibility that a small functional subfamily exists. Mixed populations of functional and nonfunctional elements are common among other endogenous retroviruses and retrotransposons (1, 13, 19, 28) , and rare functional elements within the LINE-1 families of retroelements in mice and humans have also been teratocarcinoma cell line, which has been reported by other workers to produce retrovirus-like particles (23) . Furthermore, we have used a polymerase chain reaction (PCR)-based cloning procedure to isolatepol region fragments from intact RTVL-H elements that contain an ORF throughout. Together, the data presented here support the hypothesis that a small population of functional RTVL-H elements exists within the human genome.
MATERIALS AND METHODS
Library screening and sequence analysis. The cosmid clone 70D12 containing RTVL-Hp pol region C (see below) was isolated by using a NotI linking clone from the human flow-sorted chromosome 8 library LA08NC01 (38) . A 1.6-kb EcoRI fragment, termed RTVL-Hpl, was subcloned from this cosmid and sequenced. The RTVL-Hp2 clone was isolated from a human total genomic phage library described previously (25) , using the region C-specific probe described below.
DNA fragments were subcloned into pUC18 and sequenced by the dideoxy-chain termination method modified for use with double-stranded plasmid templates and T7 polymerase (33) . DNA sequences were analyzed by using the software package of the Genetics Computer Group (4).
PCR procedures. Human genomic DNAs from normal individuals were kindly provided by A. Turhan. Genomic DNA was also isolated from the following cell lines: chimpanzee, skin fibroblast cell line WES; gorilla, lymphoma cell line MLA 144; orangutan, normal skin fibroblast cell line CP18.SK; baboon, lymphoblastoid cell line 26CB-1; African green monkey, kidney cell line CV-1; and marmoset, cell line HSV-Silva4O. All cell lines were obtained from the American Type Culture Collection, and DNA was isolated by standard procedures (29) .
Oligonucleotide primers were synthesized with an Applied Biosystems oligonucleotide synthesizer. Sequences of primers P3, P4, P5, and P6 are shown in Fig. 2B . The sequence of primer P1, 5'-gtcgcggatccGACTGACCCTGACACCCATT-3', spans nucleotide positions 3387 to 3402 of RTVL-H2 (uppercase) (25) , plus a BamHI tail (lowercase). Primer P2, 5'-gcacgggatcccTAGTCCTlTTGCAAGAG(C/T)AGGG-3', corresponds to the complement of the sequence beginning 85 bp 3' to the 5' end of region C (uppercase; see Fig. 3 ), plus a BamHI tail (lowercase). Primer P7, 5'-CTC(C/T)GCTTC TCACCTTATTC-3', corresponds to a stretch of sequence within region A beginning 35 bp from the 5' junction (see Fig.  3 ). For subregion isolations and the ORF screening procedure, PCRs containing 25 mM KCl, 10 mM Tris-HCl (pH 8.5), 1.5 mM MgCl2, 200 ,uM each deoxynucleoside triphosphate (dNTP), 20 pmol of each primer, 1 U of Taq polymerase, and 0.5 ,ug of genomic DNA in a 50-,ul volume were carried out as follows: one cycle of 93°C for 1 min, 52°C for 1 min, and 72°C for 2 min followed by 30 cycles of 93°C for 20 s, 52°C for 1 min, and 72°C for 2 min. PCR conditions for the experiment shown in Fig. 8 were as follows: 20 mM Tris-HCl (pH 7.5), 50 mM KCI, 2.5 mM MgCl2, 0.01% bovine serum albumin, 250 ,uM each dNTP, 30 pmol of each primer (P4 and P7), 1.25 U of Taq polymerase, and 0.5 ,ug of genomic DNA in a 50-,ul reaction. Figure 8 PCR mixtures were heated to 95°C for 2 min and then subjected to 25 cycles of 1 min at 94°C, 1 min at 50°C, and 1.5 min at 72°C and 1 cycle of 3 min at 72°C.
To screen for PCR fragments containing an ORF, we subcloned size-selected reaction products into the plasmid vector pUC18. Subcloning and colony screening were done by standard methods (29) . Clones positive for both 3-galactosidase activity and hybridization to the C-region probe (see below) were selected for DNA sequencing.
Probes and hybridizations. A 136-bp BspHI-EcoRV fragment entirely within region A was isolated from a PCR clone spanning the region (see Fig. 3 ). A 403-bp MluI-BglI fragment entirely within region C was isolated from the genomic clone RTVL-Hpl (see Fig. 3 ). These fragments were labeled with 32p to a specific activity of approximately 109 dpm/,ug by the method of random primer extension for use as region-specific probes (8) .
Tera-1 cells (11) For the Southern analysis shown in Fig. 7 , primate DNAs were digested with EcoRI, and 5 ,g was electrophoresed through a 1% agarose gel. For Fig. 9 , human DNAs were digested with BglII and electrophoresed through a 0.8% agarose gel. Southern blotting and hybridizations were performed as previously described (14) .
RESULTS
Characterization of deletions within the pol region of RTVL-H elements. Sequence analysis of the genomic clone RTVL-H2 indicated that itspol region is most closely related to the pol gene of MLV (25) . However, as shown in Fig. 1A , three deletions in the RTVL-H2 sequence can be identified when a hypothetical translation that maximizes pol homology is compared with MLV pol. Sequence and mapping analysis of other RTVL-H genomic and cDNA clones and PCR analysis of genomic DNA have shown that most elements in the human genome are deleted in these regions (unpublished results). We have designated these three deletions A, B, and C. Figure 1B indicates the pol gene functional domains that are affected by these deletions. Deletion A is the smallest, spanning a 57-amino-acid region in the reverse transcriptase domain of MLVpol (17) . It removes a YXDD motif that is highly conserved among reverse transcriptases (39) . Deletion B spans a 70-amino-acid stretch of MLV sequence that is primarily in what has been termed the tether region (17) . It has been suggested that the tether region functions as a spacer between the reverse transcriptase and RNase H domains of the reverse transcriptase molecule (17) . The largest deletion is C, which spans 194 amino acids of MLV sequence and removes almost the entire RNase H domain from RTVL-H elements. Thus, even if an ORF existed, there is little chance that RTVL-H elements containing these deletions could encode a functional pol product.
Isolation of RTVL-H elements with undeleted pol regions. The first indication that some undeleted RTVL-H elements are present in the human genome came from the analysis of during the course of genome mapping experiments unrelated to RTVL-H elements. DNA sequence analysis of this 1.6-kb clone, termed RTVL-Hpl, revealed that it contained region C and also that it had fewer termination codons than did other elements that we had previously characterized (see below). These findings suggested that elements with coding potential may exist. We have subsequently used a region C-specific fragment subcloned from RTVL-Hpl to isolate an additional genomic clone, RTVL-Hp2, containing this region. In addition, we have used the oligonucleotide primers P1 and P2 ( Fig. 2A) in PCR of genomic DNA to determine whether fragments containing regions A and B could be amplified. The predicted 1.2-kb PCR product was readily observed, and one cloned fragment, designated RTVL-Hp3, has been completely sequenced. Analysis of the sequence verified that the fragment did indeed contain regions A and B. The sequences of regions A, B, and C and their junctions within the published sequence of RTVL-H2 are presented in Fig. 3 . As predicted, the reverse transcriptase-related frame of region A contains the conserved YXDD motif. Furthermore, insertion of regions A, B, and C into the RTVL-H2 sequence maintains the homology and precisely restores the colinearity of the hypothetical RTVL-H translation product with the pol gene of MLV (Fig. 4) . Thus, the regions characterized here are authenticpol-related sequences and represent the entire deletions. We have designated elements that are intact in regions A, B, and C as RTVL-Hp, to indicate that they contain additional sequence in theirpolrelated regions.
Some RTVL-Hp elements contain a long ORF within thepol region. We have previously reported that RTVL-H elements bearing mutations have expanded within the genome, as determined from the observation that several deletions and point mutations within the pol region are commonly shared among different elements (37) (Fig. 5) . We have used this information to devise a PCR strategy to preferentially amplify the pol region of elements that do not contain these mutations and to simultaneously screen for those clones that contain ORFs.
Sequence analysis of several RTVL-H elements isolated by our laboratory and others indicates that two mutations A B LacZ': ... accatgattacaaattc ... 
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Nucleotide sequences and translations of the pol-related reading frame of regions A, B, and C. The first and last lines of each sequence contain a comparison with RTVL-H2 sequence to demarcate the deletion breakpoints; sequence coordinates are from RTVL-H2 (25) . Region A (A) is 165 bp, and the sequence presented is from the PCR clone RTVL-Hp3. The conserved YXDD motif is underlined, as are the 6-bp direct repeats at the breakpoint junctions. Region B (B) is 206 bp, and the sequence shown is also from RTVL-Hp3. An arrow marks the position of a frameshift introduced to maintain pol homology, indicating that this particular clone was amplified from a mutated element. The sequence of region C (557 bp) (C) is from the genomic clone RTVL-Hpl.
within the pol region result from point mutations that convert a tryptophan codon into a nonsense mutation (Fig. 5) . On the basis of this observation, we designed two pairs of oligonucleotide primers for PCR, in which the 3'-terminal nucleotide of the 5' primer was matched to the second position of the tryptophan codon: TGG (Fig. 2B) . The relative positions of these primers are depicted in Fig. 2A and 5. The 3'-terminal nucleotide of primer P3 is mismatched compared with all RTVL-H sequences except for RTVLHp3 that have been analyzed. In the case of P5, the 3'-terminal nucleotide is mismatched compared with the RTVL-Hpl and -2 sequences but not compared with the deleted RTVL-H elements (Fig. 5) . Previous reports have shown that PCR primers mismatched at the 3'-terminal position amplify less efficiently than do primers that are matched at this position (30) . Therefore, we hoped to enhance the amplification of the putative, rare, nonmutated RTVL-Hp elements over the vast genomic background of mutated elements.
Each primer pair spanned deletion C, allowing PCR fragments containing region C to be enriched on the basis of size and cloned fragments to be screened with a hybridization probe specific for region C. As shown in Fig. 5 , each fragment also contained one or more other diagnostic mutations as an internal control for the ability of the procedure to amplify nonmutated elements. Furthermore, to select for ORFs, the primers were designed so that they would fuse the In both cases, the second (underlined) nucleotide corresponds to the 3'-terminal nucleotide of the primer. Bold vertical bars represent nonsense mutations, and vertical dotted lines represent frameshifts introduced to maintain RTVL-Hpol homology. Sequence data are not available for that portion of RTVL-Hp2 indicated by a horizontal dotted line. RTVL-Hpl through RTVL-Hp7 were isolated during this study, with RTVL-Hp4 through RTVL-Hp7 representing the ORF-containing clones generated by PCR. RTVL-H1, RTVL-H2, and the cDNA clones N10-13 and N10-14 have been reported previously (25, 26, 37) . The clone designated lkbRl was deposited in GenBank from an unpublished study by other workers (accession number Z11837). The MLV sequence used was that of Shinnick and coworkers (32).
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RTVL-Hpol-related reading frame with that of the 3-galactosidase gene in the cloning vector (shown in Fig. 2B ), thereby creating the potential for the expression of a fusion product with functional 3-galactosidase activity if the PCR inserts contained an ORF (15) . In total, 675 clones from the P3-P4 PCR and 972 clones from the P5-P6 PCR that hybridized to the region C probe were obtained. From those, several clones with the strongest color reactions, two from P3-P4 and three from P5-P6, were isolated for further characterization.
Sequence analysis of the five double-positive clones revealed that they were amplified from distinct genomic elements and that four of them indeed contained an ORF throughout the fragment. Three of these clones, RTVL-Hp5, RTVL-Hp6, and RTVL-Hp7, were derived from primer pair P5-P6. Each contained the predicted 970-bp fragment spanning region C, and as expected, thepol-related reading frame was open (shown in Fig. 5) Fig. 6A , which shows a Northern analysis of overall RTVL-H expression in several cell lines. To investigate expression of the RTVL-Hp subpopulation, a similar blot was hybridized to the region C-specific probe. As shown in Fig. 6B , several transcripts were detected in Tera-1 cells. This cell line expressed a 6.5-kb transcript, the predicted size for an RTVL-Hp transcript containing all threepol regions intact. In addition, larger transcripts of 8.0, 8.6, 10.0, and 13.0 kb that hybridized to the region C probe were also detected. A 4.1-kb transcript, which might represent a novel spliced pol RNA similar to that characterized for deleted RTVL-H elements (37), was detected in Tera-1 cells and several other cell lines (Fig. 6B) . All RTVL-Hp transcripts were expressed in low amounts and required a prolonged exposure of the autoradiograph to be detected. This result suggests that any possible protein products of RTVL-Hp elements would be expressed at very low levels and may be restricted to cells having an embryonal character.
Southern analysis and PCR among primate species. Hybridization of Southern blots with a probe specific for region A reveals that multiple copies of RTVL-Hp elements are dispersed within the human genome and are present in similar numbers within the genomes of apes and Old World monkeys (Fig. 7) . Hybridization of Southern blots with probes specific for region B or C produces banding patterns very similar to that seen with the region A probe (data not shown). Interestingly, the region A probe, but not the region B or C probe, detects a few distinct bands in marmoset (a New World monkey) DNA under moderately stringent conditions (Fig. 7A) . We speculate that this is likely because sequences in the reverse transcriptase domain, in which region A is located, are the most highly conserved part ofpol genes (6) . A high-stringency wash eliminated hybridization to marmoset DNA but not to Old World monkey DNA (Fig.  7B) . On the basis of the banding patterns observed on Southern blots and the frequency of clones obtained from screening genomic libraries with region C (data not shown), we estimate that 50 to 100 RTVL-Hp elements containing at least one of the pol regions A, B, and C are present within the human genome.
It is difficult to determine the number of RTVL-Hp elements that contain all three regions intact, however, since (Fig. 8) . Notably, the predicted 1.6-kb PCR fragment generated by primers P7 and P4 from complete RTVL-Hp elements is amplified from marmoset DNA as well as DNA from other primates (Fig. 8) , indicating that intact elements are present in all these species. Together, the results shown in Fig. 7A and 8 addition, the lack of hybridization under high-stringency conditions and the failure of probes from other regions ofpol to hybridize to marmoset DNA indicate that the sequences in New World monkeys are significantly diverged from the RTVL-H family in humans.
RTVL-Hp-associated human DNA variations. To determine whether polymorphisms associated with RTVL-Hp elements could be detected, we hybridized the region C-specific probe to a Southern blot of DNAs from different human individuals (Fig. 9) . Overall, the banding patterns are very similar, as might be expected given the evolutionary age of this subfamily. However, a few variations were seen, and the most evident ones are indicated with size markers in Fig. 9 . We also tested single DNA samples from tribal populations from Brazil, Melanesia, and Africa and observed some of the same variations shown in Fig. 9 (data not shown) . In this limited sample size, we did not detect any differences unique to a particular racial or tribal population, but this matter would be interesting to explore further. Currently we are attempting to ascertain whether the DNA variations observed are simply due to single nucleotide changes or whether they result from more extensive genomic differences (e.g., the presence or absence of an RTVL-Hp element).
DISCUSSION
Deleted elements are very common among families of endogenous retroviruses and retrotransposons (1, 13, 19, 28) . Two mechanisms have been proposed to explain these deletions. First, short direct repeats have been observed at the junctions of many deletions, suggesting that homologous recombination between the repeats may have resulted in the removal of intervening sequences. Alternatively, findings among infectious retroviruses indicate that the process of reverse transcription is prone to creating deletions (reviewed in reference 35). Among the three deletions in RTVL-H elements described in this report, only deletion A has clearly recognizable short direct repeats (underlined in Fig. 3A) . It would seem, therefore, that deletions B and C may have been generated during the reverse transcription of a precursor RTVL-Hp element.
Data presented in Fig. 7A and 8 suggest that RTVL-H sequences are derived from ancestral elements that were present in the primate lineage before the divergence of New World monkeys from other primates. The reason for the dramatic expansion of deleted RTVL-H elements among catarrhine species is not understood, however. One possibility is that additional mutations, probably in the LTR, enhanced the transcription and consequently the transposition rate of one or more precursor-deleted elements. Consistent with this possibility is our recent identification of a subgroup of deleted RTVL-H elements with distinct LTRs that has expanded in the genomes of great apes and humans but not Old World monkeys (14a). However, further support for this hypothesis must await the sequencing and functional characterization of LTRs associated with RTVL-Hp elements.
In order for deleted RTVL-H elements to have expanded to the approximately 800 copies that are now present within the genome, the proteins needed to facilitate their retrotransposition must have been provided in trans. Complementation among retroviruses is a thoroughly established phenomenon and forms the basis of retroviral gene transfer methodologies. Among endogenous retroviruses, the retrotransposition of defective elements is well documented (13, 19, 31) , and complementation has been demonstrated under experimental conditions (16, 34) . Although complementation between different HERV families is a formal possibility, the data presented here suggest that rare functional RTVL-Hp elements are a likely source of proteins to facilitate the retrotransposition of defective RTVL-H elements. We have demonstrated by PCR that intact elements with regions A, B, and C exist within the genome, by both the amplification of fragments containing all three regions (Fig. 8 ) and the isolation of 1.2-kb fragments, extending from the 5' end of region C through regions A and B. Sequence analysis of regions from two genomic clones revealed that RTVL-Hp elements contained fewer mutations than did other RTVL-H elements (Fig. 5) . Therefore, we devised a screening procedure to allow PCR fragments from RTVL-Hp elements with ORFs in their pol regions to be isolated. Analysis of four such clones reveals that they are distinct, and as expected, they contain a pol-related ORF across a stretch of sequence that encompasses several diagnostic mutations (shown in Fig. 5) . Furthermore, the residues encoded by the four clones at the diagnostic positions are in good agreement with the residues predicted by analysis of other RTVL-H elements (data not shown), indicating that we have not merely selected for random PCR-induced revertants. Together, these observations support the hypothesis that a small functional subfamily of RTVL-Hp elements is present within the human genome.
The identification of functional LINE elements indicates that small functional subfamilies exist among other retroelements (5, 22) . In one case, workers successfully used oligo- (2, 23, 27) . It is also interesting that RTVL-Hp-specific RNAs of 8.0 and 8.6 kb, the approximate size of a prototypical retroviral genomic RNA, are expressed in Tera-1 cells (Fig. 6B) 
